Sensitive and selective methods for the detection of human growth hormone (hGH) over a wide range of concentrations (high levels of 50-100 ng ml −1 and minimum levels of 0.03 ng ml −1 ) in circulating blood are essential as variable levels may indicate altered physiology. For example, growth disorders occurring in childhood can be diagnosed by measuring levels of hGH in blood. Also, the misuse of recombinant hGH in sports not only poses an ethical issue it also presents serious health threats to the abuser. One popular strategy for measuring hGH misuse, relies on the detection of the ratio of 22 kDa hGH to total hGH, as non-22 kDa endogenous levels drop after exogenous recombinant hGH (rhGH) administration. Surface plasmon resonance imaging (SPRi) is an analytical tool that allows direct (label-free) monitoring and visualization of biomolecular interactions by recording changes of the refractive index adjacent to the sensor surface in real time. In contrast, the most frequently used colorimetric method, enzyme-linked immunosorbent assay (ELISA) uses enzyme labeled detection antibodies to indirectly measure analyte concentration after the addition of a substrate that induces a color change. To increase detection sensitivity, amplified SPRi uses a sandwich assay format and near infrared quantum dots (QDs) to increase signal strength. After direct SPRi detection of recombinant rhGH in spiked human serum, the SPRi signal is amplified by the sequential injection of detection antibody coated with near-infrared QDs (Nano-SPRi). In this study, the diagnostic potential of direct and amplified SPRi was assessed for measuring rhGH spiked in human serum and compared directly with the capabilities of a commercially available ELISA kit.
Introduction
Human growth hormone (hGH) is a 191 amino acid peptide (22 kDa) produced by the pituitary gland and directly released into the bloodstream. Interactions between the hypothalamic peptide growth hormone-releasing hormone (GHRH) and somatotropin induce pulsatile secretions of hGH. As a result, levels of hGH vary from highs in the 50-100 ng/ml to lows in the 0.03 ng/ml range 1 . Deficiency or excess of hGH in the body can provoke a wide range of abnormal physiological symptoms. For example, excess levels of hGH can lead to gigantism 2 and diabetes 3 . Depleted levels of hGH cause low blood sugar in newborns, and weak bone density and depression in adults 4 .
The administration of the recombinant form of hGH (rhGH) improves lean muscle mass while reducing body fat. As such, this substance became the drug of choice for professional and amateur athletes as it improves physical strength that confers an advantage in competitive sports. rhGH is banned by the World Anti-Doping Agency (WADA) 5, 6 and much effort by international researchers has been focused on developing tests that can detect its presence or anabolic effect.
Enzyme-linked immunosorbent assay (ELISA) has been the preferred method for the determination of hGH in whole blood 7 . Although, ELISA is a reliable technique offering good sensitivity and selectivity, it is relatively time-and labor-intensive. In addition, ELISA relies on the indirect detection of hGH by employing enzymatic tags. In contrast, surface plasmon resonance (SPR) permits detection of hGH directly without the use of labels in real time. The detection principle behind SPR involves a sensing surface consisting of a prism that is coated with a thin metal layer (gold or silver); when a monochromatic polarized light interacts with the metal surface, "surface plasmons" are generated. The binding of an analyte to a surface receptor immobilized on the metal surface perturbs the resonance conditions resulting in a shifted resonance dip, which can then be correlated to the analyte concentration. SPR-based biosensors are now commercially available that offer a real-time, label free technique to monitor biomolecular binding events and biochemical reactions [8] [9] [10] . The image is then captured onto a charge-coupled device (CCD) array.
To date, there have been a few SPR-based assays developed to detect hGH [11] [12] [13] [14] . One particular strategy, known as the isoform method 15 , relies on the detection of the ratio of 22 kDa hGH to total hGH, as non-22-kDa endogenous levels drop after exogenous rhGH administration. Recently, de Juan-Franco et al. 11 reported on the development of a SPR-based immunosensor for the selective detection of the 22 kDa and 20 kDa hGH isoforms in human serum samples. Monoclonal antibodies specific to each isoform were immobilized directly on the gold sensor permitting the measurement of both isoforms simultaneously in a single injection with a limit of detection at 0.9 ng ml -1
. Alternatively, SPR has been used to screen antibodies with high specificity to hGH 13 . If the concentration of target analyte falls below the SPRi system's limit of detection (<nM), one has to resort to amplifying the SPRi signal via the utilization of nanoparticles (Nano-SPRi). Such SPR-based amplification has been well documented in the literature [16] [17] [18] [19] for various types of analyte and surfaces.
In this work, the analytical potential of SPRi and Nano-SPRi based biosensors was examined, particularly for the detection of rhGH in spiked human serum, and comparison of its detection capability directly to ELISA. The following parameters will be reviewed and considered: detection time, sensitivity, kinetic profile, reproducibility and specificity.
Protocol
Note: BSA is injected to covalently bind to the amine reactive surface, the remaining unbound BSA will wash off the surface through buffer rinse. 8. Inject 150 µl of a solution of 10 mM sodium acetate over the surface and follow by a 150 µl injection of high salt PBS. 9. Inject 150 µl of ethanolamine (1 mM) to deactivate the amine reactive surface. 10. Inject 150 µl of 10 mM sodium acetate to wash the surface. 11. Then, switch the running buffer to PBS with 50 µg/ml BSA at a flow rate of 250 µl/min for a total of 5 ml.
Note: 50 µg/ml BSA is added to the running buffer for additional blocking of the surface by non-covalently occupying the non-specific sites and this is done to further reduce non-specific binding of serum proteins to the surface. 12. Change flow rate to 5 µl/min and allow it to stabilize for 20 min.
SPRi Detection of Human Growth Hormone
1. Prepare a solution of a set concentration of rhGH (30,000 pg/ml; 250 pg/ml; 25 pg/mL; 2.5 pg/ml and 0.25 pg/ml) in 10% serum and diluted in PBS containing 1 mg/ml BSA. 2. Prepare a 2:1 solution by adding 1 µl of biotin labeled anti-rhGH detection antibodies (6 µM) to 3 µl of streptavidin coated near infrared quantum dots (1 µM) in a 0.5 ml microcentrifuge tube and incubate for 30 min for effective coupling. 3. Inject 150 µl of the hGH spiked human serum solution in the injection loop. This results in a strong increase in signal followed by a slow drop from the non-specifically bound serum rinsing off the surface. 4. Once the signal stabilizes, wash the surface with a solution of 450 mM sodium chloride added to the running buffer. 5. Dilute the solution of anti-rhGH detection antibodies and quantum dots to a concentration of 10 nM (2:1) with running buffer (PBS with 50 µg/ ml BSA) and inject into the flow cell.
SPRi Data Analysis
Note: Following the injection of the rhGH spiked human serum and quantum dot enhancer, an increase in reflectance change occurs due to the amplified shift of the plasmon curves. This results in a difference image showing a gray scale image correlating to the signal of on the chip.
1. Import the data into a data analysis program. Plot the SPRi signal (% Reflectivity) versus time (s) and determine the difference between the anti-rhGH and negative control antibody spots after the high salt wash.
ELISA Protocol (Day 1)
1. Store all assay components included in the rhGH ELISA kit at 2-8 °C. This includes the anti-rhGH antibody coated well plates, standards (0-5) in sheep serum, controls (1 &2) in human serum, conjugate buffer, (200x) wash buffer, chromogen TMB (Tetramethylbenzidine) and stop reagent. 2. Setup the reagents and follow the methods as described in the commercial ELISA kit protocol. 3. First, allow the anti-rhGH antibody coated 96-wells to warm to RT prior to opening the foil package. 4. Then remove the desired number of 8-well strips for assay and reseal the foil package containing the remaining wells and store at 2-8 °C. 5. Prepare standards by reconstitution in 2 ml of distilled water for standard #0, in 1 ml of distilled water for standards (1) (2) (3) (4) (5) , and in 1 ml of distilled water for the controls (1&2). Below is a table of the corresponding concentrations of the standards and controls ( 
Representative Results
The performance of SPRi and Nano-SPRi (SPRi employing the NanoEnhancers) was compared with ELISA for the detection of rhGH in a complex environment. The differences in the setup of these methods are described here briefly. For SPRi (direct detection, Figure 1 ), the capture antibody is immobilized on the surface and then the sample is injected and binding of analyte to the sensor surface is measured directly in real time and label-free manner. However, with Nano-SPRi (Figure 1) , after the analyte binds to the sensor surface, a consecutive injection is followed with quantum dots coated with detection antibodies to amplify the SPRi signal. A schematic representation of ELISA assay procedure. rhGH protein (blue ovals) is introduced to wells that have been prefunctionalized with monoclonal antibodies (yellow) specific to rhGH. Non-specific interactions are eliminated by rinsing the wells with wash buffer followed by the introduction of a detection antibody prefunctionalized with horseradish peroxidase (HRP, purple). The solution will change in color after adding the substrate tetramethylbenzidine (TMB, gold). Please click here to view a larger version of this figure. Figure 3 represents the titration curve of rhGH spiked in 10% human serum and is plotted against the obtained OD at 450 nm. A good linear response was observed and the limit of detection was determined to be 1 ng/ml. The coefficient of variation (CV) was 6.5% suggesting good reproducibility. Next, the detection of rhGH spiked in human serum was assessed with SPRi. Direct detection of rhGH resulted with the corresponding concentration gradient curve (Figure 4) , each point represents the average value of the reflectivity difference calculated from three SPRi kinetic curves for each concentration. The limit of detection (LOD) was determined to be 3.61 ng/ml. The SPRi direct detection assay was highly reproducible as the CV of the assay was only 4.1%. A concentration gradient curve representing the binding of various amounts of hGH spiked in human serum to the sensor surface that has been prefunctionalized with biotinylated hGH-specific-Antibody . Please click here to view a larger version of this figure.
To increase the sensitivity of the SPRi biosensor, NanoEnhancers (QDs pre-functionalized with detection antibodies) are sequentially introduced to the sensor surface in order to highlight the presence of rhGH spiked in human serum. After background subtraction, the NanoEnhancers were able to amplify the biosensor response up to 7.9%, however, with minimal signal change (Immunoglobulin G (IgG) -specific antibody, 0.38% change in reflectivity; Figure 5 on controlled regions of interest. Imaging of the sensor surface revealed that only regions of interest that have rhGH-specific antibodies immobilized experience the largest contrast change corroborating directly with the kinetic sensorgram response. Figure 5 . Detection of rhGH using a sandwich assay spiked in 10% human serum. SPRi kinetic plot after the injection of rhGH (30 ng/ml) in buffer (10 mM PBS, 150 mM sodium chloride, pH = 7.4) onto a pre-functionalized chip with 11-mercaptoundecanoic acid / rhGH-specific antibody and control IgG-antibody then blocked with BSA followed by the addition of detection antibody-coated quantum dots (NanoEnhancers). Please click here to view a larger version of this figure.
To demonstrate the practicability of the Nano-SPRi biosensor, the measuring range of rhGH in crude samples was assessed. An extended working range from 30,000 pg/ml to 0.25 pg/ml resulted as a response to the addition of NanoEnhancers (Figure 6 ). It is worth noting that each point on the titration curve is averaged from three independent experiments. Consequently, the lower limit of detection was calculated to be 9.20 pg/ml and the coefficient of variation was 20%. The equilibrium dissociation constant (K D ) was determined using the graphpad software for ELISA. The calculated K D value was approximately 79 nM ( Table 3 ). The on (K a ) and off (K d ) rates could not be determined by ELISA. However, using the data analysis software, the direct detection method resulted with K D value of 23 pM using the molecular mass of 22 kDa that corresponds to one rhGH molecule. The on and off rates were calculated to be 6.1 x10 , respectively. This inherently translates that 0.13% of the rhGH and antibody complexes decay per second. As for the amplified SPRi experiment, a stronger overall interaction was observed between NanoEnhancers and rhGH as the calculated binding affinity was determined to be 4.3 pM. In addition, a stronger association rate was observed for NanoEnhancers and rhGH than capture antibody/rhGH, however the dissociation rate suggests that 0.26% of NanoEnhancer/rhGH/Capture antibody decay per second. 0.0092 ng/ml Table 3 . Full kinetic data analysis. Evaluation of the affinity, on-rate and off-rate of the antibody responses using graphpad (ELISA) and data analysis (SPRi and Nano-SPRi) software. The determination of the avidity using the molecular mass of 22 kDa that corresponds to one rhGH molecule was chosen. The limits of detection were determined for all three studies using excel.
Method

Discussion
Irregular levels of hGH, a naturally occurring hormone, have been linked to numerous medical disorders that affect human growth and development. Moreover, exogenous administration of rhGH is commonly used by athletes, even though it is forbidden, as a doping agent to enhance their performance. Challenges in detecting rhGH misuse result from the difficulty in distinguishing exogenous hGH from endogenous form. As such, the current approved technique for detecting exogenous hGH relies on measuring the ratio of the 22 kDa hGH isoform in relation to the 20 kDa isoform. Since the isoform test demands for the measurement of multiple hGH isoforms simultaneously within a short period of time in a wide range of concentrations, therefore, we considered the SPRi platform as a perfect match. In addition, endogenous hGH level fluctuate to a very low level (0.03 ng/ml) in the bloodstream therefore the detection system must be able to measure this range comfortably with high specificity. As a result, we also investigated in this study the potential of Nano-SPRi as a diagnostic tool for hGH and compared it directly with SPRi and the classical immunoassay ELISA.
Based on results obtained from this study, the main advantage of the SPRi and Nano-SPRi method is that rhGH concentrations can be measured in a quicker manner in comparison to the more conventional method ELISA. A standard duration for measuring rhGH levels in one sample with the direct detection method was 1 hr whereas the Nano-SPRi required 2 hr due to the additional steps in the process. Overall, with SPRi and Nano-SPRi experiments, before the injection of a sample, a calibration step is highly recommended. In addition, the injection of a crude sample like human serum results in some non-specific interactions as a result it is imperative to inject a high salt wash buffer to only reveal specific interactions. It is also worth noting that a wash step is absolutely necessary after the introduction of blocking molecules to the sensor surface, to remove unbound molecules. As for ELISA time requirements are far greater (~16-18 hr) for the analysis of one sample. A longer incubation time is needed as the sensitivity of the assay is enhanced especially for this study, as the focus was to compare the lower limit of detection.
The choice of surface chemistry will vary from one application to another and this could be realized as one of the limitation of the SPRi technique. In this study, a wide range and combination of chemical linkers and blocking molecules were assessed to achieve the right combination in order to observe optimal binding efficiency of rhGH to the sensor surface. For example, in this study, the combination of BSA and PEG served well in minimizing non-specific interactions. However, in a previous study alone served as the best blocking molecule. The variables that affect binding efficiency of analyte to ligand are also dependent on pH, buffer and temperature. Therefore, with any application, these variables need to be optimized. In addition, it is critical to determine the optimal spotting concentration of the ligand to the chip surface. A titration experiment with a range of concentrations of immobilized ligands is performed before initiating the study. As for ELISA, a crucial step in the procedure was to decant the wash buffer from wells by tapping the microplate as this ensured no residual liquid is leftover. Removing the buffer wash with pipette was not sufficient as any residual liquid interfered with the signal reading of the target sample.
In reference to sensitivity, ELISA (1 ng/ml) is comparable to SPRi (3.61 ng/ml) but nano-SPRi (9.20 pg/ml) improves sensitivity by three orders of magnitude, thereby enabling measurements at the lower biological levels of rhGH 0.03 ng/ml. As we previously reported 16, 17 , the signal enhancement imparted by the NanoEnhancers is attributed to a mass loading effect and the strong coupling that exists between NIR fluorophores and propagating surface plasmons for gold film nanostructures. Even though, Nano-SPRi adds an extra step to the procedure, this level of sensitivity can widen the applications of SPRi technology in various outlets.
SPRi provides scientists a full kinetic profile (K D , K a and K d ) of antibody/rhGH interaction whereas ELISA can report only affinity values. The coefficient of variation (CV) was below 10% for SPRi (4.1%) and ELISA (6.5%), suggesting good reproducibility. The ELISA and SPRi affinity values are different because the capture antibodies immobilized on the sensor chip are different from antibodies immobilized in the ELISA 96-well plate. As for Nano-SPRi a higher CV value (20%) was observed. There are several parameters that can contribute as a source of errors for CV determination. For example, with the Nano-SPRi experiment a much lower concentration of analyte is being measured, the addition of NanoEnhancers adds another step in the procedure and the experiment was performed manually. A very good correlation between NanoSPRi and ELISA was achieved for the detection of rhGh in spiked human serum. Finally, ELISA can be a reliable technique however the method itself is time consuming which makes it difficult to use in situations requiring real time monitoring and multiplexing, as it is the case with hGH. In addition, a more attractive feature that was not investigated directly in this study that SPRi offers over ELISA, is the ability to measure hundreds of interactions simultaneously in real time. Therefore in the future, Nano-SPRi method will be assessed to detect multiple biomarkers simultaneously in real time (multiplexing) present in serum at various concentrations in order to examine its potential as a viable clinical diagnostic tool.
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